The ligand-receptor-mediated intercellular communication system plays important roles in coordinating developmental and physiological events in multicellular organisms. In plants, CLAVATA3/EMBRYO SURROUNDING REGION (CLE) peptides and their cognate receptors are thought to be involved in various aspects of the plant life cycle. Although the importance of this communication is broadly recognized, most CLE peptides are yet to be functionally characterized. A major problem in research on small signaling peptide-encoding genes is the limited number of loss-of-function mutants available due to their small gene size. CRISPR/Cas9-mediated gene targeting has the potential to overcome this problem, as it can be used to generate targeted mutations in essentially any gene, regardless of size. Here we generated a series of mutants of CLE-peptide-encoding genes. Newly generated clv3 and cle40 mutants reproduced the expected mutant phenotypes in the shoot apical meristem and root meristem, respectively. Our results show that CRISPR/Cas9-mediated gene targeting is a powerful tool for genetic analyses, even of small genes. We also report a novel mutant for CLE44 [which is thought to encode a tracheary elements differentiation inhibitory factor (TDIF)] and show that CLE44 contributes to vascular development. The bioresources presented here will be a powerful tool for further characterization of CLE peptides.
Introduction
Cell-to-cell communication mediated by small signaling peptides, together with membrane-anchored receptors, is fundamental in the establishment of multicellular organisms. Peptides of the CLAVATA3/EMBRYO SURROUNDING REGION (CLE) family are representative signaling peptides in plants. CLE peptides are thought to have appeared at a very early stage in evolutionary history because CLE-like genes have been discovered in the genomes of early land plants, such as Physcomitrella patens and Marchantia polymorpha (Miwa et al. 2009) (R. Nishihama, personal communication) . Subsequently, the CLE gene family has expanded and the interactions between CLE peptides and intracellular signaling modules have broadened during evolution (Yamaguchi et al. 2016) . In Arabidopsis thaliana, 32 CLE family genes have been identified, and their encoded CLAVATA3/ EMBRYO SURROUNDING REGION (CLE) peptides participate in various aspects of developmental regulation or responses to biotic/abiotic stimuli ( Fig. 1) (Yamaguchi et al. 2016) .
Many efforts have been made to understand CLE peptides; however, the biological relevance of most CLE genes remains unknown. In principle, the genes encoding such small signaling peptides are also small, and so loss-of-function mutants are rarely obtained by canonical mutagenesis methods such as genotoxic agent treatment, fast neutron irradiation or T-DNA tagging. In addition, some CLE genes are predicted to act redundantly because they encode identical or very similar peptide sequences. Although various types of expression and/or synthetic peptide treatment analyses have been used to decipher the functions of CLE peptides, further investigations with knock-out mutants are ultimately more desirable (Czyzewicz et al. 2015 , Yamaguchi et al. 2016 .
Synthetic nuclease-mediated gene disruption is a powerful tool for reverse genetic analyses, but has not been widely used.
In the past few decades, zinc finger nuclease (ZFN)-and TAL effector nuclease (TALEN)-mediated genome editing methods have been established and used in various research fields, including plant signaling peptides (Osakabe et al. 2010 , Forner et al. 2015 . However, they have not become routine methods for gene targeting because of their time-consuming nature. In 2013, genome editing with clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) was established and immediately applied to plant cells , Nekrasov et al. 2013 , Shan et al. 2013 ).
In the CRISPR method, Cas9 creates a double-strand break in the target sequence defined by the guide RNA (gRNA). The DNA double-strand break is fixed by DNA damage repair machineries such as non-homologous end joining (NHEJ) or homologous recombination (HR). The repair machinery frequently generates an insertion or deletion mutation at the site; therefore, the mutagenesis is expected to generate a frame-shift mutation in the targeted gene. Research has shown that mutations generated with CRISPR/Cas9 are heritable, suggesting that CRISPR/ Cas9 has the potential to establish stable mutant lines (Feng et al. 2014) . CRISPR/Cas9-mediated gene targeting is now a routinely used method because of its high efficiency, high target specificity, and simplicity (Puchta 2017) .
In this study, we produced a collection of mutants for CLE peptide-encoding genes by CRISPR/Cas9-mediated gene targeting. Furthermore, we analyzed organs derived from the shoot apical meristem in clv3 mutants and the root meristem organization in cle40 mutants. The expected mutant phenotypes were observed in these mutants. We also characterized a novel mutant for CLE44 and found that the number of procambial cells was significantly reduced in cle44. Moreover, the cle41 cle44 double mutant showed an additive effect on vascular organization. These results illustrate the usefulness of our mutant collection for functional analyses of small signaling peptides.
Results
In general, secretory peptides consist of an N-terminal signal peptide sequence, a central variable domain and a C-terminal functional peptide domain (Matsubayashi 2011) . After CLE genes are transcribed and translated, the prepropeptide enters the secretory pathway and then the N-terminal signal peptide is cleaved. During the trafficking process, a functional dodecapeptide of the C-terminal region is excised by proteolytic processing to yield a CLE peptide. In this respect, the N-terminal and C-terminal sequences are both required for the precise function of the CLE peptide.
To disrupt CLE peptide-encoding genes, we designed gRNAs that targeted individual CLE genes. The gRNAs used for mutagenesis and the resulting mutations are shown in Table 1 and Fig. 2 . These gRNAs were integrated into the Cas9 expression cassette, and then transformed into wild-type Arabidopsis plants. The efficiency of the gRNA-Cas9 module was evaluated in the T1 generation (Supplementary Table S1 ). In the T2 generation, seedlings NOT harboring the T-DNA were selected based on sensitivity to glufosinate-ammonium. These seedlings were genotyped to identify candidates with a mutation in the open reading frame of the targeted CLE gene as either homozygous or heterozygous, with PCR-restriction enzyme (RE) (either CAPS or dCAPS) assays. Genomic DNA from these candidate seedlings was sequenced to select mutations causing a frame-shift in the amino acid sequence of the CLE prepropeptide. These mutations were expected to occur in the germline cells of T1 plants. We introduced one gRNA with Cas9 for each CLE gene, except CLE25 and CLE26, for which we introduced two gRNAs each, even though the resulting mutations were thought to be caused by one gRNA. Most of our cle mutants contained a 1-bp deletion or insertion, but several mutants contained large deletions or insertions. Because all the mutants harbored a frame-shift mutation, they could not produce a functional CLE peptide; therefore, all of our cle mutants were knock-out lines. A schematic representation of the process for isolating mutants is shown in Supplementary Fig. S2 Next, we examined whether the mutations truly eliminated CLE peptide activity. Among the CLE-peptide-encoding genes, we chose the CLV3 gene as a test case. CLV3 is involved in stem cell pool homeostasis in the shoot apical meristem; CLV3 is expressed in and secreted from stem cells located at the top of the shoot apical meristem and the secreted CLV3 peptides are perceived by receptors localized to the plasma membrane in organizing centers. Upon the binding of CLV3 peptides to their cognate receptors, various downstream intracellular signaling mediators are activated to restrict the proliferation of stem cells (Schoof et al. 2000 , Betsuyaku et al. 2011 , Ishida et al. 2014 . Therefore, clv3 mutants exhibit pleiotropic abnormalities in organs derived from the shoot apical meristem (Clark et al. 1995) . As expected, the newly generated clv3-cr1 and clv3-cr2 mutants 
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showed fasciation of the stem and club-shaped fruits (Fig. 3a, b) . Quantitative analyses indicated that the number of carpels was increased in the clv3-cr mutants (Fig. 3c) . The wild-type fruit had two carpels, whereas the average number of carpels was 4.55 for clv3-cr1 and 4.47 for clv3-cr2. This increased number of carpels in the mutants was comparable to that for clv3-8 mutants, confirming that the CRISPR/Cas9-generated clv3 mutants were indeed lossof-function lines. Next, we characterized the root meristem organization in cle40 mutants. CLE40 is known to modulate columella cell differentiation in the Arabidopsis root meristem. Columella cells are located at the tip of the root and develop amyloplasts to sense gravity. Columella cells originate from a single layer of columella stem cells, whose cell differentiation is regulated by CLE40 peptides. A loss-of-CLE40 mutant showed delayed columella differentiation, and then produced an extra layer of columella stem cells (Stahl et al. 2009 ). Consistent with this, we observed that 36.8% of cle40-cr2 and 33.3% of cle40-cr3 mutants produced supernumerary columella stem cell layers whereas only 12.0% of wild-type roots produced such extra layers. These results suggested that our CRISPR/Cas9-generated cle40 mutants reproduced the mutant phenotype, and that CLE40 is involved in the developmental regulation of columella cells (Fig. 3d-f) .
As well as a lack of loss-of-function mutants, genetic redundancy is another serious problem in research on small signaling peptides. A single mutation often results in a faint or no phenotype. For example, the tracheary elements differentiation inhibitory factor (TDIF)-class CLE peptide CLE41 modulates the activity of cambial stem cells through binding with its receptor kinase, TDIF RECEPTOR (TDR)/PHLOEM INTERCALATED WITH XYLEM (PXY), and a cle41 mutant showed a reduced number of procambial cells in the hypocotyl and an increased number of xylem cells (marked by a thickened secondary wall) (Hirakawa et al. 2010) . Despite the sequence similarities between CLE41 and CLE44, the biological relevance of CLE44 has not been elucidated because there are no cle44 mutants in publicly available mutant collections. To address this issue, we generated a cle41 mutant and a cle44 mutant, as well as a double mutant harboring both cle41 and cle44 mutations. We observed the structure of vascular bundles in the single mutants and found that the number of procambial cells was decreased, suggesting that both CLE41 and CLE44 are involved in the regulation of procambium cell proliferation as TDIFs ( Fig. 3g-i, k) . The cle41-cr1 cle44-cr2 double mutant showed an additive effect on the number of procambium cells (Fig. 3j, k) . These results further confirmed the usefulness of the CRISPR/ Cas9-generated CLE mutant collection for determining the biological relevance of CLE peptides.
The regulation of gene expression is accurately controlled by various molecular mechanisms, and the presence of a surveillance mechanism has been revealed in eukaryotes. Abnormal translation elongation or termination by a frame-shift mutation occasionally causes the degradation of mRNAs. To assess whether the frame-shift mutations generated with CRISPR/ Cas9 affected the accumulation of mRNAs in the seedlings, we performed RT-PCR analysis of CLV3 in clv3-cr1 and clv3-cr2 ( Supplementary Fig. S3A) . Because the expression level of CLV3 is controlled by the CLV-WUS feedback loop, the mutations in CLV3 led to the over-proliferation of shoot stem cells and increased the amount of CLV3 mRNA in clv3-cr1 and clv3-cr2. Conversely, RT-PCR analysis of CLE41 and CLE44 in the cle41-cr1, cle44-cr2 and cle41 cle44 mutants showed that these mutations did not affect the expression levels of CLE41 nor CLE44 (Supplementary Fig. S3B ).
Discussion
Many small peptide-encoding genes have been discovered through recent advances in molecular genomics combined with computer-assisted analyses. Although the importance of small signaling peptides is widely accepted, most peptide-encoding genes are yet to be functionally characterized. Genetic analysis is a powerful tool for the functional analysis of genes; however, a major obstacle in research on small signaling peptide-encoding genes is that there are currently insufficient mutant resources available because of the small size of the genes. For example, the open reading frames of CLE-peptide-encoding genes are often less than a few hundred base pairs in length.
In this study, we established a collection of mutants for CLE peptide-encoding genes in Arabidopsis. The CRISPR/Cas9 technology was used to induce frame-shift mutations and then to knock out members of this large gene family with small open reading frames. Simple frame-shift mutations sometimes fail to eliminate the functionality of the target gene due to illegitimate translation (Makino et al. 2016) . However, both the N-terminal signal peptide and C-terminal functional peptide-encoding domain are required for the precise function of secretory small signaling peptides. Because of this, our mutant lines were likely genuine knock-out mutants.
Our clv3 and cle40 mutants reproduced the expected mutant phenotypes in the shoot apical meristem and root meristem, respectively, showing that CRISPR/Cas9 is an effective approach to produce mutants for research on small signaling peptides. We also generated cle44 mutants and characterized the function of CLE44 in the regulation of vascular development. In the cle44 mutants, the number of procambial cells in the vascular bundles of the hypocotyl was significantly reduced. Furthermore, the reduction of procambial cells was greater in the cle41 cle44 double mutants, suggesting that both CLE41 and CLE44 act as TDIFs to modulate cell proliferation activity in the procambium. Our results give new molecular insights into CLE genes, and will shed light on the biological relevance of previously uncharacterized CLE peptides. Moreover, our CRISPR/Cas9 mutant collection provides novel opportunities to explore the functions of CLE peptides, and avoids the problem of gene redundancy. We did not find developmental defects in any cle-cr mutants other than clv3, cle40, cle41 and cle44 under our experimental conditions. Because some CLE genes encode identical or very similar peptide sequences, a single mutation often results in a faint or no phenotype, as seen with TDIFs. Analyzing higherorder mutants will be required to overcome this redundancy and improve our understanding of CLE peptides. In Arabidopsis, 21 of the 32 CLE genes are found on chromosome 1 or 2, and form tightly linked clusters. This makes it difficult to establish higher-order mutants by conventional crossing. However, introducing multiple gRNAs for these CLE genes simultaneously will allow us to obtain higher-order mutants of CLE genes, and provide new opportunities to analyze their functions. In this respect, the list of gRNAs shown in Table 1 that have been confirmed to be functional provides a useful resource for further studies. Higher-order mutants established with these gRNAs will provide new insights into the molecular mechanisms of intercellular communication systems, including those involving CLE peptides.
Besides (Motomitsu et al. 2015 , Yamaguchi et al. 2016 , Doblas et al. 2017 , Nakayama et al. 2017 . Among them, the functions of IDA, RGF1, RGF2, RGF3, CIF1 and CIF2 were characterized with mutants; however, the functions of most small signaling peptides are yet to be elucidated because of the lack of suitable loss-of-function lines (Butenko et al. 2003 , Matsuzaki et al. 2010 , Doblas et al. 2017 , Nakayama et al. 2017 . Because most small signaling peptides are encoded by small genes, loss-of-function mutants are difficult to isolate using traditional methods. Instead, small signaling peptides are often studied using antagonistic peptides or mutants of their cognate receptors or posttranslational modification enzymes (Aalen et al. 2013 , Depuydt et al. 2013 , Song et al. 2013 , Czyzewicz et al. 2015 , Xu et al. 2015 . Although valid and interesting results have been obtained using these methods, they should be interpreted with caution because such approaches can have unexpected effects or be ineffective (Rodriguez-Villalon et al. 2014 , Czyzewicz et al. 2015 . To accurately determine the functions of small signaling peptides, functional analyses using loss-of-function mutants for the peptides themselves are needed. In this respect, CRISPR/Cas9-mediated gene targeting may provide opportunities to investigate such gene families with small open reading frames and will pave the way for analyses of other small genes.
Materials and Methods

Plant materials
Arabidopsis thaliana (L.) Heynh. Columbia-0 (Col-0) was used as the wild-type and clv3-8 ER in an unknown background (CS3604) was described previously (Dievart et al. 2003) . Seeds were surface-sterilized and plated on growth medium containing Murashige and Skoog (MS) basal salts, 1% (w/v) sucrose, 0.05% (w/v) MES (pH 5.7), and 1.5% (w/v) agar. After cold treatment in the dark for 1 d, the seeds were incubated under continuous light at 25 C.
Vector construction and transformation
Gene-targeting vectors were constructed based on the pDe-Cas9 systems provided by Holger Puchta (Fauser et al. 2014) . Gene-specific gRNA sequences were designed using tools at the CRISPRdirect website (https://crispr.dbcls.jp/) (Naito et al. 2015) , and then gRNAs that contained restriction enzyme recognition sites around the Cas9 cleavage position were selected ( Supplementary Fig. S1 ). Entry clones harboring a target gene-specific gRNA were constructed with an In-Fusion HD Cloning Kit (Takara) according to the manufacturer's instructions. The Gateway attL1 site and U6-26 promoter with the target-specific-gRNA overhang were PCR-amplified from the pEn-Chimera vector using the forward primer pUC19-IF-M13F and the reverse primers shown in Supplementary Table S3 . The Gateway attL2 site and gRNA scaffold together with the target-specificgRNA overhang were PCR-amplified from the pEn-Chimera vector using the forward primers shown in Supplementary Table S3 and the reverse primer pUC19-IF-M13R. These PCR products were assembled with the pUC19 linearized vector by the In-Fusion reaction. The resulting entry clone was integrated into the pDe-Cas9 vector by the Gateway LR reaction and then the binary vector was used for Agrobacterium-mediated in planta transformation. When constructing gRNAs for CLE25 and CLE26, pMR217 and pMR218 vectors were used instead of pEn-Chimera to generate tandem gRNA expression cassettes.
Creation of CRISPR-aided CLE mutants
T1-generation transformants were selected on MS plates containing 25 mg/L glufosinate-ammonium (Wako Pure Chemicals; 079-05371). Genome editing efficiency was evaluated in the T1 generation (Supplementary Table S1 ). Genomic DNA was purified from the seedlings and subjected to PCR-RE (CAPS or dCAPS) assays using the primers and restriction enzymes shown in Supplementary Table  S2 . Seedlings whose genomic DNA was at least partly resistant to restriction enzyme digestion were grown to propagate T2 seeds. The T2 generation seedlings were grown on MS medium containing 25 mg/L glufosinate-ammonium for 7 d. Then, pale green seedlings were transferred to normal MS medium to select seedlings not harboring the T-DNA. After another 7 d of incubation to allow the seedlings to recover, these null-segregant seedlings were genotyped by PCR-RE assays to select either homozygotes or heterozygotes for the target gene mutation. After genotyping by PCR-RE assays, the target gene was sequenced to identify the mutation; then, the seedling was grown to collect next-generation seeds. In the T3 or T4 generation, at least 20 seeds were checked to select lines containing the mutated gene and not containing the T-DNA by glufosinateammonium treatment. A schematic representation of the process for isolating mutants is shown in Supplementary Fig. S2 
Microscopy
The number of carpels was counted in 40-day-old plants. Fully mature fruits were collected from the main inflorescence from at least 10 plants and observed under an MZ16F dissecting microscope (Leica Microsystems). Modified pseudo-Schiff propidium iodide staining of the root meristem was performed as described previously (Truernit et al. 2008) . Root meristems were observed under a Leica TCS SPE confocal laser scanning microscope (Leica Microsystems). Vascular organization was analyzed as described previously with minor modifications (Hirakawa et al. 2010 ). Seeds were surface-sterilized and then grown in liquid MS medium with shaking at 110 rpm under continuous light at 22
C. Seven-day-old seedlings were fixed in a mixture of 2% glutaraldehyde (v/v) and 20 mM cacodylic acid overnight at 4 C, dehydrated, embedded in Technovit 7100 (Heraeus Kulzer) and then cut into 6-mm sections with an RM2255 microtome (Leica Biosystems). The sections were briefly stained with toluidine blue, observed under an Axio Imager M1 microscope (Carl Zeiss Microscopy) and photographed with a DP74 digital camera (Olympus).
RT-PCR analysis
Total RNA was purified with an RNeasy Plant Mini Kit (Qiagen) from 10-day-old seedlings, and cDNA was prepared using the PrimeScript RT Master Mix (Takara). PCR amplifications were conducted using an Applied Biosystems 2720 Thermal Cycler (Thermo Fisher Scientific) with Quick Taq HS DyeMix (Toyobo) according to the manufacturer's instructions. The primer sets used in this analysis are shown in Supplementary Table S4 
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